Complex brain functions, such as learning and memo~,, are believed to involve changes in the efficiency of communication between nerve cells. Therefore, the elucidation of the molecular mechanisms that regulate synaptic transmission, the process of intercellular communication, is an essential step toward understanding nervous system function. Several proteins associated with synaptic vesicles, the organelles that store neurotransmitters, are targets for protein phosphorylation and dephosphorylation. One of these phosphoproteins, synapsin I, by means of changes in its state of phosphorylation, appears to control the fraction of synaptic vesicles available for release and thereby to regulate the efficiency of neurotransmitter release. This article describes current understanding of the mechanism by which synapsin I modulates communication,between nerve cells and reviews the properties and putative functions of other phosphoproteins associated with synaptic vesicles.
Neurotransmitter release from nerve terminals is quantal, that is, it involves the release of transmitter in packets containing equal numbers of molecules. Small synaptic vesicles, organelles with a diameter of approximately 50 nm (Fig. 1A) , provide the anatomical basis of quantal release. Each quantum of neurotransmitter is contained within one of these vesicles and is released by exocytosis, a process involving the fusion of the vesicle with the plasma membrane (l).
The arrival of the action potential at the nerve terminal permits Ca 2+ influx through voltage-gated Ca 2+ channels, triggering the fusion of synaptic vesicles with the plasma membrane and the release of neurotransmitter into the synaptic cleft. The rapidity of fusion of synaptic vesicles, as compared with exocytotic processes in non-neuronal cells, may be accounted for by the existence of a stable complex of the vesicles with the presynaptic membrane before exocytosis. It remains to be determined whether exocytosis involves only the formation of a proteinaceous pore or whether it involves fusion of the lipid bilayers of the vesicle and plasma membranes. After releasing its contents, the fused synaptic vesicle is retrieved from the plasma membrane by endocytosis, refilled with locally synthesized neurotransmitter, and utilized in subsequent exocytosis (1, 2) .
Two functional pools of small synaptic vesicles appear to be present within the nerve terminal: (i) a releasable pool of vesicles, some of which fuse with the plasma membrane upon arrival of a nerve impulse, and (ii) a reserve pool of vesicles, which are tethered to the cytoskeleton (3, 4) and are recruited to the releasable pool in response to the physiological requirements of the cell. Usually the number of vesicles in the releasable pool represents a small proportion of the total number of vesicles, and the number of.vesicles that fuse in response to an action potential represents a small proportion of the number of vesicles in the releasable pool. Regulation of the relative number of vesicles in the releasable and reserve pools represents an important mechanism by which nerve cells regulate the amount of neurotransmitter released, and, therefore, the efficiency of synaptic transmission (3) .
Among the proteins associated with synaptic vesicles, potential candidates for mediating these processes have been identi-• fled. Several of these candidates are phosphoproteins ( Fig. 2) , which suggests that their functional role is modified by phosphorylation. Modulation of neurotransmitter release is brought about by changes in the levels of intraceUular second messengers that activate protein kinases (5) . The resultant phosphorylation of synaptic vesicle-associated proteins appears to play a key role in regulating exocytosis from nerve cells.
The Synapsins
The synapsins are a family of phosphoproteins that are specifically associated with the cytoplasmic surface of the synaptic vesicle membrane (6, 7; Fig. 1B ). They comprise four homologous proteins, synapsins Ia and Ib (collectively referred to as synapsin I) and synapsins Ila and IIb (collectively referred to as synapsin II), which together account for approximately 9% of total vesicle protein (8, 9) . Single genes encode synapsins I and II; the a and b isoforms arise from differential splicing of the transcripts.
For both synapsin l and synapsin lI, the structural difference between the a and b isoforms is restricted to the COOH-terminal part of the molecule. A high degree of similarity between the amino acid sequences of synapsins I and II extends from the NH2-terminus and covers more than half of each protein, with conservation among mammalian species (9). Virtually all nerve terminals contain synapsins. However, there are some terminals in specific brain regions in which one or more of the four synapsin isoforms are not detected (9, 10). The phosphorylation state of the synapsins is increased under all conditions that promote CaZ+-dependent release of neurotransmitter. These conditions include electrical stimulation of nerve cells, veratridine-or K+-induced depolarization, and activation of some classes of presynaptic receptors (5) . Synapsins I and II are physiological substrates both for cyclic adenosine 3',5'-monophosphate (cAMP)-dependent protein kinase and for CaZ+-calmodulindependent protein kinase I, which phosphorylate them on the same serine residue near the NH2-terminus. In addition, synapsin I, but not synapsin II, is a physiological substrate for CaZ+-calmodulin-dependent protein kinase II (CaM kinase II), which catalyzes the incorporation of phosphate into two serine residues in the COOH-terminal region (l 1).
The phosphorylation of synapsin I by CaM kinase II occurs rapidly and to high stoichiometry during physiological activity of neurons. Phosphorylation by CaM kinase lI causes a conformational change in the synapsin I molecule (12) and is associated with major changes in its biological properties. The introduction of the dephosphotylated form of synapsin I into the squid giant axon (Fig. 3A) (13), the goldfish Mauthner neuron (14) , or nerve terminals isolated from mammalian brain (15) inhibits neurotransmitter release. In contrast, introduction of synapsin I after its phosphorylation by CaM kinase II has no effect on release ( Fig. 3B) (13, 15) . These results indicate that the dephosphotylated form provides an inhibitory constraint for synaptic vesicle exocytosis and that this constraint is relieved upon phosphorylation by CaM kinase II. As predicted, introduction of CaM kinase [I into the nerve terminal increases neurotransmitter release (Fig. 3C) (13, 16) .
The cell biological basis for the regulation of neurotransmitter release by synapsin I has been partially elucidated. Synapsin I reversibly binds to synaptic vesicles with high affinity and saturability. The binding affinity is decreased upon phosphorylation of synapsin I by CaM kinase II (7, 17) . In resting nerve terminals, 96 to 97% of synapsin I and of synapsin I-binding sites on synaptic vesicles exist in complexed form (17, 18) , which indicates that they are present in a molar ratio close to unity. Structure-function analysis has demonstrated that the hydrophobic NH2-terminal region of synapsin I interacts with vesicle phospholipids and partially penetrates the hydrophobic core of the membrane. The COOH-terrninal region, which is elongated, basic, and hydrophilic, binds to a protein component of the vesicles, and this binding is virtually abolished upon phosphorylation by CaM kinase II (•9). Photolabeling experiments have demonstrated that a major vesicle-binding protein for the COOH-terminal region of synapsin I is the subunit of CaM kinase II (20) .
The cell cytoskeleton has important structural and dynamic functions. It is an internal scaffold for the cell, defining shape, and is also important for the guidance of organelles toward, and their accumulation within, functional compartments, which is especially critical in highly polarized cells such as neurons (21) . Synapsin I is able to interact in vitro with various cytoskeletal proteins (22, 23) , including actin. This and other evidence indicate that synapsin I reversibly tethers synaptic vesicles to the actin-based cytoskeleton of the nerve terminal and that this linkage is disrupted when synapsin I is phosphorylated by CaM kinase II. The interaction of synapsin ] with actin is likely to be physiologically relevant to the accumulation of synaptic vesicles within the nerve terminal and to the regulation of their availability for exocytosis.
The binding of synapsin I to actin filaments leads to the formation of actin bundles in vitro. Phosphorylation of synapsin I by CaM kinase II reduces actin binding and abolishes actin-bundling activity (23) .
Structure-function analysis has shown that the binding sites for synaptic vesicles and for actin are located in distinct domains of the synapsin I molecule (19; 24) .
Synapsin I also affects the dynamics of actin filament assembly. Dephosphorylated synapsin I triggers the condensation of actin monomers into nuclei, thereby accelerating actin polymerization and promoting the formation of new filaments. The actinnucleating activity is prevented by phosphorylation of synapsin I by CaM kinase II (25, 26) . The effect of dephosphorylated synapsin I is maintained when the protein is bound to synaptic vesicles (25) , with the result that the vesicles are embedded in the cytoskeletal meshwork (Fig. 1C) . Therefore, synapsin I phosphorylation not only potentiates the release of synaptic vesicles from the actin cytoskeleton but also prevents their recapture within the actin meshwork (8) . This interpretation is supported by observations with video microscopy that synaptic vesicles are able to reorganize the actin filament network in a manner dependent on the phosphorylation state of synapsin I (27) .
The effect of phosphorylation of synapsin I on the binding of synaptic vesicles to actin filaments has been modeled by computer simulation with the use of estimated concentrations of synapsin I, actin, and synaptic vesicles in nerve terminals and experimentally determined binding constants for synapsin I interactions with actin and synaptic vesicles (18) . The analysis indicates that under resting conditions, in which synapsin I is in the dephosphorylated state, most of the synaptic vesicles are anchored to the cytoskeleton. After neuronal activity and the associated phosphorylation of synapsin I by CaM kinase II, the ternary complex composed of synaptic vesicles, synapsin I, and actin dissociates, resulting in an increase in the fraction of synaptic vesicles that are liberated from the cytoskeleton and in the amount of synapsin I free in the cytosol. Thus, phosphorylation of synapsin I may regulate the transition of synaptic vesicles between reserve and releasable pools (Fig. 4) .
Additional experimental evidence supporting this model has been obtained with rat brain synaptosomes. In this preparation, the release of neurotransmitter, evoked by K÷-induced depolarization, is accompanied by an increase in the phosphorylation of synapsin I and the dissociation of synapsin I from the vesicle membrane (28) . In addi-SCIENCE • VOL. 259 ° 5FEBRUARY 1993 Synapsin Ila/llb phosphorylated residue(s) and the protein kinase(s) responsible for the phosphorylation have been identified (9, 11, 33.-36, 48, 49, 54, 56, 60) . The location of four identified phosphorylation sites is shown for synapsin I.
tion, immuno-electron microscopy of frog neuromuscular junctions stimulated to release neurotransmitter has demonstrated that synapsin I dissociates from (and reassociates with) the synaptic vesicle membrane during the exocytotic (and endocytotic) cycle. The extent of dissociation seems to depend on the rate of secretion: a significant decrease in the amount of membrane-bound synapsin I has been observed at high rates of secretion (in response to electrical stimulation of the nerve) but not at low rates (in response to a-latrotoxin) (29) . In summary, physiological and cell biological results support a model in which the state of phosphorylation of synapsin I regulates the availability of synaptic vesicles for exocytosis. Many of the changes in the functional properties of the nerve terminal can be explained by this molecular mechanism (Fig. 5) . As in the case of synapsin I, synapsin II binds to synaptic vesicles and is able to bind and bundle actin filaments (30) . The common properties of synapsins I and II suggest that synapsin II may also mediate interactions of synaptic vesicles with the cytoskeleton. The CaM kinase II phosphorylation sites in synapsin I may provide an additional level of regulation of the interaction of this protein with synaptic vesicles and actin.
The Synapsins and the Formation of Synaptic Terminals
In addition to regulating neurotransmitter release from mature nerve terminals, recent evidence suggests that the synapsins may also regulate the formation of new nerve terminals. Transfection of a neuroblastoma-glioma cell line with the cDNA for synapsin lib resulted in the formation of more nerve terminals in each cell and more synaptic vesicles in each nerve terminal. In addition, these cells appeared to make synapses upon other neuroblastomaglioma cells, in contrast to nontransfected or mock-transfected cells. Consistent with these morphological observations, transfection with synapsin IIb cDNA caused a severalfold increase in the amounts of other synaptic vesicle proteins with no detectable effect on proteins not specifically associated with the nerve terminal (31) .
Results implicating the synapsins in the maturation of synaptic contacts were also obtained in experiments in which embryonic Xenopus spinal neurons were loaded with synapsin I. In this system, the injected synapsin I promoted the functional matura-• tion of neurons, accelerating the development of quantal-secretion mechanisms (32) . As in the case of regulation of neurotransmitter release from adult nerve terminals, the synapsins may act on synaptogenesis, at least in part, by altering the actin cytoskeleton.
Synaptophysin, Synaptoporin, and p29
Synaptophysin (previously referred to as p38) is a major integral protein of the synaptic vesicle membrane (33) . It is a substrate for eI doge: ,u~ protein kinases both in intact synaptosomes and in purified synaptic vesicles (34, 35) . The kinases responsible for the phosphorylation of synaptophysin have been identified as CaM kinase II, which phosphorylates synaptophysin on serine residues (35) , and the proto-oncogene product pp60 c-''c, which phosphory|ates synaptophysin on tyrosine residues (36) . Both kinases are present on the synaptic vesicle membrane (20, 37) .
The tyrosine phosphorylation reaction occurs on individual synaptic vesicles; that is, it does not require an interaction either between vesicles or between a vesicle and another cellular structure (34) . The presence of synaptophysin is required for vesicle fusion and release of neurotransmitter to occur. Antibodies against synaptophysin, as well as antisense oligonucleotides to synaptophysin mRNA, were able to inhibit Ca2+*dependent neurotransmitter release that had been recon- tion--together with limited structural similarities between synaptophysin and gap junction proteins, the connexins (40)--has led to the suggestion (39, 40) that synaptophysin participates in the formation of an exocytotic fusion pore, which leads to the release of neurotransmitter. However, the formation and opening of a fusion pore would require the interaction of synaptophysin with a protein located on the plasma membrane. Synaptophysin has been reported to interact with a plasma membrane protein, physophilin (41) , making physophilin a candidate for such a fusion pore component. Like synaptophysin, the connexins are phosphorylated on tyrosine and serine residues, and their phosphorylation appears to modulate gap junction permeability (42) . It is therefore conceivable that the phosphorylation of synaptophysin modulates the formation or the conductance of the putative exocytotic fusion pore. Two synaptic vesicle proteins homologous to synaptophysin have been identified: synaptoporin and p29. Synaptoporin was identified by low-stringency hybridization with synaptophysin cDNA probes (43) . Two serine residues in synaptoporin are located within a consensus sequence for phosphorylation by CaM kinase II. An integral membrane protein of synaptic vesicles, p29, appears to have some degree of similarity with synaptophysin, as assessed by antibody cross-reactivity (44) . This protein is one of the major synaptic vesicleassociated substrates for tytosine kinases (34, 44) .
Synaptotagmin
Synaptotagmin (also referred to as p65) was the first integral membrane protein of synaptic vesicles to be identified (45) . It has a single transmembrane domain, a small intravesicular domain, and a large cytoplasmic tail t h a t contains two domains homologous to the regulatory Ca z+-and phospholipid-binding region o f protein kinase C (46) . Synaptotagmin is responsible for the hemagglutinating activity present on synaptic vesicles, binds acidic phospholipids and Ca z+, and has been reported to bind calmodulin (46, 47) . In vitro, synaptotagmin is phosphorylated on an identified threonine residue by casein kinase II (48, 49) .
Synaptotagmin interacts with the c~-latrotoxin receptor (49), a protein specifically localized to the presynaptic plasma membrane (50) , and with a novel neuronal protein, syntaxin, which is concentrated at synaptic sites (51) . Syntaxin appears to mediate the interaction of synaptotagmin with the N-type Ca 2+ channel, which is thought to be localized at active zones (52) .
Taken together, these data suggest that synaptotagmin is involved in mediating the interaction of synaptic vesicles with the plasma membrane, possibly in the docking of synaptic vesicles at the release sites or in their subsequent fiJsion with the plasma membrane. That synaptotagmin is essential to the secretory process was recently questioned by experiments with PC-12 cells (rat adrenal pheochromocytoma) in which the presence of synaptotagmin was not obligatory for catecholamine release (53); however, the organelles responsible for the release of catecholamines were not identified in that study. • VOL. 259 • 5 FEBRUARY 1993 783
SVAPP-120
Synaptic vesicle-associated phosphoprotein (SVAPP-120) (120 kD) is a peripheral membrane protein of synaptic vesicles (54) . It is phosphorylated on serine and threonine residues, both in intact nerve terminals and in vitro, by multiple protein kinases including cAMP-dependent protein kinase, protein kinase C, and an endogenous Ca2+-calmodulin-dependent protein kinase. Its low abundance relative to other synaptic vesicle-associated proteins suggests that SVAPP-120 may be associated with only a subpopulation of synaptic vesicles.
Synaptic Vesicle-Associated Protein Kinases
The product of the cellular homolog of the viral src oncogene, pp60 ..... , is highly conserved phylogenetically and appears to be present on the plasma membrane of virtually all cells, although its presence is not required for cell viability (55) . A variant form known as pp60 c-'c+ is found specifically in neural tissue (56) . In secretory cells, pp6~ ''c has also been found in association with secretory granules (57) . The enzyme is expressed in large amounts in neural tissues (58) , is four to five times more concentrated in purified synaptic vesicles than in brain homogenate, and accounts for 70% of the tyrosine kinase activity of these organelles (36, 37) . Unlike receptor tyrosine kinases, pp60 c''~ lacks transmembrane domains. Its association with membranes involves myristylation of the NHz-terminus of the protein and may also involve interactions with membrane proteins that could account for the specific targeting of the kinase (59) . The activity of this kinase is known to be negatively modulated by autophosphorylation on tyrosine (56) . The role of pp60 c .... in synaptic vesicle function has not been determined, and signaling pathways that regulate the activity of the enzyme within nerve terminals have not been identified. The CaM kinase II is a major component of synaptic vesicles, representing approximately 2% of total vesicle protein, and serves as a binding protein for synapsin I (20) . Although both the cx and 13/13' subunits of CaM kinase II are present on synaptic vesicles, only the c~ subunit is specifically involved in binding. The COOH-terminal region of synapsin I interacts with the autoregulatory domain of the (x subunit of the kinase. As with pp60 ..... , the association of CaM kinase II with the synaptic vesicle membrane is tight, requiring the use of detergents to achieve solubilization and suggesting the presence of a posttranslational modification of the kinase. Autophosphorylation of CaM kinase II occurs on multiple serine and threonine residues. This causes its activity to become CaZ+-independent, allowing phosphorylation of substrates after termination of the Ca 2+ signal (60) .
The complex between synapsin I and the ~x subunit of CaM kinase II on the synaptic vesicle membrane may be part of a regulatory system for the rapid modulation of the efficiency of neurotransmitter release. Mutant mice lacking the cx subunit of CaM kinase U.exhibit impairment both of spatial learning and of long-term potentiation (6•) . The extent to which the lack of the synaptic vesicle-associated form of the e~ subunit of CaM kinase II contributes to these phenomena, through an impairment of the binding of synapsin I to synaptic vesicles, remains to be determined.
Conclusions
Changes in the efficiency of neurotransmitter release are believed to play a major role in synaptic plasticity. These changes are achieved, in part, through regulation of the number of vesicles available for exocytosis. Synapsin I, a phosphoprotein specifically localized to synaptic vesicles, appears to regulate the number of vesicles available for release by reversibly tethering them to the actin cytoskeleton of the nerve terminal. Through this mechanism, synapsin I and the proteins with which it interacts provide a molecular machinery by which the flow of information impinging on a given nerve terminal regulates the release of neurotransmitter. Thus, nerve impulses, as well as the activation of presynaptic receptors by signals coming from other cells, ,affect the state of phosphorylation of synapsin I, thereby determining the distribution of vesicles in the reserve and releasable pools. This protein phosphorylation pathway is a vital component of the mechanisms involved in synaptic plasticity and may contribute to the cellular basis of learning and memory.
